The discovery of new materials for separating ethylene from ethane by adsorption, instead of using cryogenic distillation, is a key milestone for molecular separations because of the multiple and widely extended uses of these molecules in industry. This technique has the potential to provide tremendous energy savings when compared with the currently used cryogenic distillation process for ethylene produced through steam cracking. Here we describe the synthesis and structural determination of a flexible pure silica zeolite (ITQ-55). This material can kinetically separate ethylene from ethane with an unprecedented selectivity of~100, owing to its distinctive pore topology with large heart-shaped cages and framework flexibility. Control of such properties extends the boundaries for applicability of zeolites to challenging separations.
The discovery of new materials for separating ethylene from ethane by adsorption, instead of using cryogenic distillation, is a key milestone for molecular separations because of the multiple and widely extended uses of these molecules in industry. This technique has the potential to provide tremendous energy savings when compared with the currently used cryogenic distillation process for ethylene produced through steam cracking. Here we describe the synthesis and structural determination of a flexible pure silica zeolite . This material can kinetically separate ethylene from ethane with an unprecedented selectivity of~100, owing to its distinctive pore topology with large heart-shaped cages and framework flexibility. Control of such properties extends the boundaries for applicability of zeolites to challenging separations. E thylene is a key feedstock for many chemicals and polymers (1, 2) , with a worldwide production exceeding 144 million metric tons in 2015 and being mostly produced via steam cracking of ethane and liquefied petroleum gas (3) (4) (5) . However, steam crackers do not produce neat ethylene; they also yield many other hydrocarbons (mostly ethane) that must be separated for polymer production. Currently, ethylene is purified by cryogenic distillation, one of the most energy-demanding processes in its overall production (6) . The total energy used during ethylene and propylene separations accounts for more than 0.3% of the global energy consumption (7) .
Alternative technologies to cryogenic distillation processes rely on the development of new adsorptive separation processes, such as simulated moving bed (8) or vacuum pressure swing adsorption (9) , as well as on the use of selective adsorbents that could result in substantial energy savings (7, 10, 11) . In this regard, transition metalcontaining materials have been disclosed as possible selective adsorbents because they selectively interact with ethylene through p complexation, which must be strong enough to provide the desired separation selectivity but not so strong that it inhibits facile regeneration of the adsorbent (12) (13) (14) . For separation of ethylene and ethane, Ag + -containing alumina (15) , resins (15) , clays (16) , and zeolites (15, 17) , as well as Cu + -containing alumina (15) , carbons (18) , zeolites (19, 20) , and metal-organic frameworks (MOFs) (21-25), have been described as suitable adsorbents. The main drawbacks of these types of selective adsorbents are (i) the relatively low stability of the metal adsorption sites upon exposure to sulfur compounds and/or moisture; (ii) the presence or formation of acid sites by partial reduction of metal cations that could drive oligomerization of olefins and, ultimately, block the pores; and (iii) the very difficult regeneration of the adsorbent once pores are blocked, because thermal treatments would lead to metal clustering inside the pores. Other approaches for olefin separations were based on preferential adsorption of olefin on cationic zeolites (26) and titanosilicates (6, 27) with selectivities of~10. A reverse separation with a preferential adsorption of paraffin over olefin has been proposed on high-silica zeolites (25) and zeolitic-imidazolate frameworks (ZIFs) (28, 29) but with low selectivities of only about~2.
Siliceous zeolites exhibit structural microporosity that allows for a very high selectivity of olefins from paraffins. It is also possible to control their physicochemical properties, thus increasing their affinity toward olefins, with respect to paraffins, while maintaining neutral frameworks and reducing deactivation by irreversible adsorption of olefins. Thus, an ideal microporous material for olefin separation would be a pure silica zeolite, if the zeolite has the appropriate pore aperture for allowing entrance of the olefin but hindering paraffin diffusion. Pure silica zeolites do not contain any acid site and would be incapable of oligomerizing olefins, even at high temperatures. Additionally, these adsorbents are thermally stable, permitting easy regeneration when pore blocking does occur (30) (31) (32) . Thus, a key challenge would be to identify and synthesize pure silica zeolites for each particular separation of olefins and paraffins.
We found that ITQ-29 (the pure silica analog of zeolite framework type LTA) was well suited for separating branched olefins from linear hydrocarbons (33) . Additionally, ITQ-32 (IHW) could be used to kinetically separate propene from propane and, depending on the temperature, 1-butene and trans-2-butene from the C-4 raffinate (31). Other groups have also described the use of ITQ-12 (ITW) (30, 34) , deca-dodecasil-3R (DDR), and siliceous chabazite (Si-CHA) for selective separation of C-3 fractions (32, 35) . However, there are no reports of pure silica zeolites with the appropriate selectivity for the separation of ethylene from ethane. We now describe the synthesis and structural determination of a small-pore zeolite, ITQ-55, whose pore dimensions and shape exhibit a particular ability for separating small gases-most notably ethylene from ethane.
For the synthesis of the zeolite ITQ-55, we used the N ,3a6a-octamethyloctahydropentalene-2,5-diammonium cation as the organic structure-directing agent (OSDA), either in alkaline conditions (OH -media) or using F -anions as mobilizer agents of the silica (F -media) (36) . The synthesis procedure of the OSDA and examples of synthesis of pure silica zeolites ITQ-55 are described in the supplementary materials (37) . Physicochemical analyses of the as-made zeolites ITQ-55 [chemical analyses and 13 C cross polarization/magic angle spinning nuclear magnetic resonance (CP/MAS NMR)] indicate that the occluded OSDA cation into the porous structure remained intact upon the formation of the zeolite (37). The 19 F MAS NMR spectrum of the pure silica zeolite ITQ-55 synthesized in F -media shows a distinctive signal at -70 parts per million (ppm). We assigned this signal to F -located in small cages but not at double 4-rings (D4Rs) that are often found in zeolites prepared in F -media that have a signal at~-40 ppm (38). These findings suggest that zeolite ITQ-55 does not contain D4Rs in its structure (37) .
The zeolite ITQ-55 was thermally stable upon OSDA removal by calcination at 1073 K (37). However, the calcined zeolite did not adsorb any N 2 or Ar at 77 and 87 K, respectively, which suggests that its pore aperture is very small and severely restricts the ability of these molecules to access the porosity at cryogenic temperatures. Nevertheless, ITQ-55 is not a dense phase but rather a microporous material because it adsorbs other molecules in substantial amounts, which indicates that the porosity of ITQ-55 is formed exclusively by ultramicropores, according to the IUPAC (International Union of Pure and Applied Chemistry) classification (39) .
A powder x-ray diffraction (PXRD) pattern was obtained on a sample prepared in F -media that was calcined in situ at 1073 K for 5 hours under a continuous flow of dry air to remove the occluded OSDA and ensure the complete evacuation of the sample. This PXRD pattern was tentatively indexed using the program TREOR. The results suggest a monoclinic unit cell with lattice parameters a = 22.337 Å, b = 13.319 Å, c = 14.457 Å, and b = 92.618°. Analysis of the systematic extinctions indicates that the most probable space groups are C2, Cm, or C2/m. However, because of the large cell parameters and low symmetry, data quality was reduced by severe peak overlapping, even at low 2q values, precluding the extraction of an appropriate set of intensities for structural determination with powder data. Also, highresolution PXRD patterns of calcined ITQ-55 material collected with synchrotron radiation exhibited severe peak overlapping, and any attempt to solve the structure using conventional powder methods failed to provide a reasonable structure.
We took an alternative approach to solving the structure by using electron diffraction tomography (EDT) (40) (41) (42) (43) . In this case, a modified EDT method was used, allowing ultrafast data collection to reduce structural damage of the crystal under the electron beam and to increase the quality of the EDT data (44) . During the analysis of the collected EDT data of the calcined zeolite ITQ-55, the Bragg reflections could be indexed with a monoclinic unit cell with parameters a = 22.29 Å, b = 13.40 Å, c = 14.57 Å, and b = 93.13°, in acceptable agreement with the PXRD result. The reflection condition hkl: h + k = 2n (where h, k, and l are the Miller indices and n is any integer number) confirmed the Ccentered unit cell.
The structure solution was achieved by classical direct methods, using the space group C2/m. The resulting partial structure with 10 Si and 21 O atoms was refined against the ED data and was completed by localizing the two missing O atoms in the corresponding difference Fourier map (37) . Finally, the complete structure was refined using the Rietveld method ( fig. S12 ; projections of the structure along the main crystallographic axis are shown in fig. S13 ).
Zeolite
The most notable characteristic is the presence of twined heart-shaped cages (Fig. 1A) that are interconnected by sharing a common 8-ring (8R) (ring aperture: 5.3 Å by 3.4 Å) (Fig. 1B) . These cavities are accessible through two parallel systems of zigzag 8R channels (ring aperture: 5.9 Å by 2.1 Å). Thus, this material can be described as a tortuous monodirectional small-pore system with relatively large cavities (Fig. 1C) .
The complete construction of the ITQ-55 structure from its basic building units is shown in fig.  S14 . The structure was optimized by density functional theory (DFT) calculations ( On the basis of these values, no diffusion of any molecules would be expected to occur if the structure was rigid.
To gain insight into the degree of flexibility of the structure, we performed ab initio molecular dynamics (AIMD) simulations and calculated the distributions of the minimal window size (Fig. 2) . AIMD simulations strongly suggest that flexibility of ITQ-55 is crucial for explaining its distinctive diffusion and separation properties. For the empty structure, the mean window size is 2.38 Å, with a standard deviation of 0.17 Å. We also performed AIMD simulations in which C 2 H 4 molecules were constrained to the center of the smallest 8R window. Such a configuration is close to the transition state and allowed us to calculate the extent of window flexibility during molecular diffusion in ITQ-55. In this case, the mean window size is 3.08 Å, with a standard deviation of 0.16 Å.
Numerous molecular simulation studies have predicted that diffusion of tightly fitting molecules in small-pore zeolites should be strongly influenced by framework flexibility (45) (46) (47) . Framework flexibility generally accelerates the diffusion of tightly fitting molecules. Also, small-adsorbateinduced deformation during diffusion of hydrocarbons in small-pore zeolites has been predicted by simulations (46) . However, experimental evidence was somewhat unclear because of the difficulty to characterize flexibility directly and sensitivity of theoretical predictions to parameters of intermolecular interactions (45, 48) . T atoms in gray; two of the heart-shaped cavities highlighted in blue and red, respectively, for clarity).
Fig. 2. ITQ-55 window sizes.
Distributions of the minimal 8R window size for the empty structure of ITQ-55 (left) and the ITQ-55 structure with ethylene molecules constrained to the center of the 8R window (right), as calculated from the DFT molecular dynamics simulations at 300 K (37).
diffusion kinetics is the mechanism of separation in ITQ-55. Some T-site occupancies for ITQ-55 zeolites were <1, and the extent of these vacancies varied from sample to sample. This observation is corroborated by 29 Si MAS NMR measurements, which showed some variability in the Q 3 signal for different preparations (37) . Initial examination of this phenomenon revealed the most probable locations of structural defects. Some of these sites are located in the smallest pore window and might possibly influence molecular diffusion. However, experimentally measured ethylene and ethane selectivities for materials with different levels of Q 3 defects appear to be relatively consistent, regardless of the presence or absence of vacancies. Thus, we conclude that structural defects alone cannot explain molecular diffusion of ethylene in ITQ-55. Molecular simulations of adsorption isotherms in the ideal ITQ-55 and "defective" ITQ-55 model structures showed good agreement with experimental ethylene isotherms ( fig. S20) , lending further support for the validity of our structural solution and the relatively minor role of defects. We explored the ability of the ITQ-55 zeolite to separate mixtures of ethane and ethylene gases, both with large (F -media) and small (OH -media) crystals (see supplementary materials for complete discussion) (37) . As expected, the severe diffusional limitations for both molecules are an impediment to reaching full equilibrium in the adsorption data points of ITQ-55 synthesized in F -media. Equilibrium was attained on smallcrystal zeolites for ethylene only, but not for ethane adsorption (fig. S20 ). This behavior is quite different from that of other zeolites in which both ethylene and ethane are fully equilibrated and adsorbed in very similar amounts (table S5) . This difference strongly suggests a preferential diffusion of ethylene over ethane on ITQ-55 material. Thus, we performed diffusional studies of adsorption of both gases by measuring single-component gas adsorption kinetics on small-crystal ITQ-55 (Fig. 3) .
The rate of ethylene adsorption on ITQ-55 is much higher than the corresponding adsorption rate of ethane (Fig. 3) . The narrow pores of ITQ-55 reduce the molecular diffusion of ethylene relative to other known narrow-pore zeolites, such as DDR (52) . However, the molecular diffusion of the slightly larger ethane molecules is further hindered by approximately two orders of magnitude, whereas in DDR it remains nearly unchanged ( fig. S21 ). The ability of ITQ-55 to separate such closely sized molecules with markedly different rates suggests various new applications of ITQ-55 in kinetic gas separations. Overall, mass transport through the ITQ-55 framework could be substantially increased by heating ( fig. S21 ). Alternatively, material cooling reduced framework flexibility and further increased the difference in mass transport rates between ethane and ethylene.
We estimate that kinetic (or membrane) separation of C 2 H 4 and C 2 H 6 on practical scales could be possible in smaller crystals (or thinner membranes) of ITQ-55, at slightly elevated temperatures. In particular, at 112°C the molecular diffusivity of C 2 H 4 is already on a time scale of seconds, even in existing~0.5-mm crystals of ITQ-55, while maintaining unprecedented high C 2 H 4 /C 2 H 6 selectivity of 50. We estimate that the diffusion flux rate for C 2 H 4 could be comparable with that of polymeric and carbon molecular sieve membranes (53) and~7.5 times slower than that of CHA (SSZ-13) membranes (54) . However, none of the above-mentioned comparative materials exhibit selectivities higher than~10 to 13 (37) (table S6) , including the polymeric membranes with incorporated MOF crystals, which are limited to a selectivity of~5 (55) .
Initial results indicate that the use of smaller Al-ITQ-55 crystals and the resulting faster transport rates provide even greater selectivity of 300 ( fig. S18 ). Efforts to fabricate such thin inorganic membranes are ongoing. The fact that defect-free~0.5-mm-thick inorganic membranes have already been reported with silica MFI zeolites (56), as well as~1-mm oriented membranes (57), offers further promise for preparing such membranes with ITQ-55.
The distinctive property of ITQ-55 to separate two similarly sized molecules was confirmed with multicomponent gas breakthrough experiments ( Fig. 4; see fig. S22 for experimental setup). When a gas mixture containing 50% ethane and 50% ethylene was fed to the adsorption column with helium-filled ITQ-55 crystals, ethane initially displaced helium from the intercrystalline volume and broke through the column. The outlet concentration of ethane nearly reached 100% because of the adsorption of ethylene on ITQ-55 crystals. As pores of ITQ-55 were gradually saturated with adsorbed molecules, ethylene began to break through the column and diluted the ethane. The described adsorptive gas separation was achieved by selective adsorption of ethylene on ITQ-55 (with trace amount of ethane) and the resulting ethane enrichment in the gas phase. Adsorbed ethylene was then recovered from the pores of ITQ-55 by either decreasing the gas pressure or heating the ITQ-55 column.
Trace amounts of slowly diffusing ethane molecules in the zeolite pores did not block the faster-diffusing ethylene molecules because of large heart-shaped cages of ITQ-55 that allowed molecules to pass each other. Such dynamic properties of ITQ-55 are highly beneficial in terms of gas separation processes.
The pure silica ITQ-55 zeolite was also extremely stable against pore blocking due to irreversible adsorption of hydrocarbons. The adsorption properties of the studied samples remained unaltered upon exposure to olefins for as long as 3 months. This stability is attributed to the lack of acidity in the zeolite.
